Abstract-The Resistive Plate Chambers are used in CMS as dedicated muon trigger detector both in the barrel and in the two endcap regions. They also contribute to muon reconstruction and identification with Drift Tube in the barrel and Cathode Strip Chambers in the endcaps. About 3000 square meter of double gap RPCs have been produced and installed in the experiment since 2007. The performance study and operational experience after three years of successful data taking at LHC is presented. Preliminary estimate of efficiency improvement of muon identification by the upgrade for the next two years is also shown.
I. INTRODUCTION
T HE Resistive Plate Chambers (RPCs) system for the Compact Muon Solenoid (CMS) experiment [1] is one of the largest systems based on RPCs ever built, and has been fulfilling their role in triggering on muons and identifying muons for the first three-year running period of data taking at the Large Hadron Collider (LHC), Geneva, Switzerland.
The standard CMS muon reconstruction is performed using the all-silicon inner tracker and with up to four stations of gas-ionization muon detectors, as Drift Tubes (DTs), Cathode Strip Chambers (CSCs) and RPCs. DTs and CSCs detect muons in the barrel and endcap regions, respectively, and are complemented by the RPC system.
The primary function of the CMS muon system is to identify muon tracks. The triggering scheme relies on two independent and complementary triggering technologies. The precise tracking detectors, DTs and CSCs in the barrel and endcaps provide excellent position and time resolution, while the RPC system provides excellent timing with somewhat poorer spatial resolution.
The RPC chambers are very important detectors because of excellent time resolution which is crucial at LHC due to a 25 ns spacing between proton bunches in the beams. They are thus used as dedicated fast trigger detectors and complement the triggering capabilities of the DT and CSC detectors. The good performance of RPCs is very essential in assigning the muon to the right bunch crossing. In addition to serving as dedicated triggers, the RPC system contributes to the muon reconstruction [2] .
II. THE CMS RPC SYSTEM
The RPCs used in CMS are standard, double gap detectors, where each gap is composed by two parallel electrodes, each of 2 mm thickness, and a 2 mm wide gas gap. Readout strips along the beam direction are sandwiched between two gaps, M.S. Kim is with Department of Physics, Kyungpook National University, Daegu, Korea (telephone: +82-53-950-7976, e-mail: minsuk@cern.ch). Fig. 1 . Schematic cross section of a RPC unit (Single Gap). An electric field of the order of 4.5 kV/mm, is applied to the electrodes. Detecting copper strips read out the signal produced by electron multiplication inside the gas gap after the passage of a ionizing particle. Two SG units can be coupled to form a Double Gap structure.
with an independent electronic channel per strip, segmented in pseudo-rapidity η (see Figure 1) .
A. CMS Muon System
A schematic view of a quadrant of the CMS detector in the R-z plane is shown in Figure 2 .
The muon system is grouped into five wheels in the barrel, and three iron disks in the endcaps. Each barrel wheel is divided into 12 azimuthal sectors, and each sector consists of four layers of DTs and six layers of RPCs that are organised in four coaxial stations, interleaved with iron return yokes. A station is an assembly of chambers around a fixed value of R in the barrel (or z in the endcap). On each side of the CMS detector, three of the endcap yoke disks hold a total of four CSC planes and RPC planes, where each disk is divided into 36 sectors with up to 3 radial rings per sector.
During the first three-year LHC running period, the fourth endcap disks remained largely uninstrumented. CSCs were only installed in the very forward region (1.8 < |η| < 2.4), and RPCs were missing completely and covered only the first three endcap disks (|η| < 1.6) [3] .
B. RPC System Layout
The RPCs are operated in saturated avalanche mode to safeguard the time resolution at high rates. They use a threecomponent, non flammable gas mixture composed of C 2 H 2 F 4 (95.2%), iC 4 H 10 (4.5%) and SF 6 (0.3%), to which water vapor is added to keep its relative humidity around 45% so that the bakelite resistivity remains constant, avoiding a degradation of RPC performance under high background conditions.
Their electrodes are made of phenolic-melaminic laminate, usually called bakelite, whose bulk resistivity ranges around coated surface of the bakelite plates. The RPCs are equipped with front-end boards, each one connected to 16 strips.
C. Detector Upgrade
During the first decade of operation (LHC Phase I) the LHC machine and the experiments will be upgraded to achieve the design luminosity value of 10 34 cm −2 ·s −1 at 14 TeV. Two long shutdown periods are scheduled for 2013-2014 and 2018-2019.
During the first Long Shutdown (LS-1) the CMS Muon system will be extended by installing the missing fourth layers of 72 new CSCs (ME4) and 144 new RPCs (RE4) in both endcap regions. These new chambers have a similar design as the existing endcap chambers, so it is expected to improve the capability of triggering and reconstructing muons at high particle rates in the forward region (1.2 < |η| < 1.6). Figure 3 shows an average efficiency to identify a muon with a transverse momentum p T larger than 20 GeV/c before (blue) and after (red) LS-1. An efficiency improvement by new chambers in the fourth disks (both ME4 and RE4) was estimated to be about 2% for 1.2 < |η| < 1.8 in the simulation.
III. THE CALIBRATION OF THE SYSTEM
Once the gas composition is fixed, the main calibration parameters for the RPCs are the time synchronization, the operating high-voltage points, and the electronics thresholds [4] .
Data from proton-proton collisions at the LHC have enabled us to perform detailed studies of the RPC system performance under operational conditions. This section describes the specific calibration procedures for the applied HV.
A. Pressure Correction
When a particle ionizes the gas between the electrodes, an avalanche process occurs. This process depends on the environmental conditions, in particular pressure and temperature, directly affecting gas density and so on.
Pressure in the gas system depends on the atmospheric pressure, which can undergo significant changes with time, Fig. 3 . Efficiencies for prompt muons by applying a tag-and-probe technique to muons from Z decays as a function of p T for 1.2 < |η| < 1.8 before (blue) and after (red) LS-1.
following weather conditions. But, temperature in the CMS cavern is fairly constant, so its effects can be neglected. Since no correction applied during the initial period of data taking (from September 2010) it was necessary to adjust the applied operating voltage (HV app ) in order to avoid HV instability with pressure, in such a way that the chamber effective operating voltage (HV ef f ) stayed constant even when environmental conditions changed. The relation between HV ef f and HV app was given by the well-known formula:
where p and p 0 is the actual and reference pressures (in CMS p 0 = 965 mbar), and temperature effects have been neglected [5] . The desired value of HV ef f was determined by the calibration, and HV app was corrected by pressure.
B. Performance Optimization
To optimize the performance of the RPC chambers at the single chamber level, data of a series of dedicated runs (called HV Scans) during the spring of 2011, at the beginning of the first extended LHC running period, and subsequently during March and December 2012 have been studied. The HV Scans were made at eleven HV settings from 8.5 to 9.7 kV, and chamber efficiency was determined by extrapolating the muon tracks spotted in the nearby detectors (DTs and/or CSCs) and finding the RPC hits in a certain fiducial region [6] .
The optimal operating voltage for each chamber has been determined using the standard procedure of interpolating the efficiency data with a sigmoid function and computing its knee (HV knee ), i.e. the HV where 95% of the asymptotic efficiency is reached. Then, the chambers are operated at 100 V (150 V) plus HV knee in the barrel (the endcaps), defined as a HV working point [6] . Figure 4 shows that the applied calibration succeeded in keeping the average efficiency stable within ≈2-3% fluctuations by requiring the gas density to remain constant. In 2012, however, as a matter of fact, Eq. 1 has been found to slightly over-correct the effects due to pressure, as described in [6] and already known in [7] . This has led to introduce a refined correction procedure, essentially modifying the formula above using a free parameter computed by means of a fit to the data:
For α = 1, the correction applied is same to the previous one, while for a positive value (α < 1) the correction applied smaller than before. The inlet in Figure 4 shows a zoom into the last period where more refined algorithms were applied for the calibration. The last 17 runs were finally taken using Eq. 2 with α = 0.8, and the efficiency fluctuations have been significantly reduced to less than ±0.5%. Figure 5 shows the average cluster size in barrel as a function of atmospheric pressure before (red) and after (blue) the automatic correction on the RPC HV working point. With the α correction, a residual dependence of cluster size on pressure was gone, and same result was observed for efficiency. Keeping efficiency and cluster size stable in such narrow ranges means that the performance of the RPC system for muon tracking and trigger is stable in time, which is one of the greatest accomplishments in its essential functions during the 2012 data taking period. IV. SYSTEM MONITORING The RPCs and other detectors in the CMS experiment operated in an intense radiation background. The levels of radiation background have a nontrivial impact on the aging of the detectors and the overall performance of the system, especially for the trigger performance.
The RPC background rate could be measured by counting the number of reconstructed hits per second in a single strip, in a fixed time interval of 100 sec. The radial, longitudinal and angular distributions of the backgrounds have been examined as well. A linear correlation was observed between the measured rate and the delivered instantaneous luminosity.
In Figure 6 , the top plot shows background rates as a function of the instantaneous luminosity for four radial stations of a wheel in barrel. Outermost station was affected mainly by neutron background, while innermost mainly affected by particles coming from the interaction point. The bottom plot shows asymmetric background rates between the negative and positive endcaps. Larger background was observed in Ring 2 of Disk -2, while it was not in other disks.
The radiation background levels have been measured since 2010. Based on the previous results, the linear extrapolations to the design luminosity of the LHC (10 34 cm −2 ·s −1 ) promise that the highest expected RPC background rate is well below the limit of 100 Hz/cm 2 used in the RPC trigger design. 
V. CONCLUSIONS
In this paper, we presented a brief summary of the performance study and operational experience of the RPC system after three years of LHC activities with increasing instantaneous luminosity. This period allowed to collect enough statistics for measuring the detector performance on such a large system of the RPC chambers so that the calibration of the RPC system has been developed for improving data quality for physics.
Since the LHC begun its first long shutdown, LS-1 (2013-2014), the RPC system has been undergoing its foreseen maintenance. Some of the chambers and relative electronics have been being checked and possibly repaired. In addition, the fourth disks in both endcaps will be installed, making the system more robust and efficient than before.
